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Abstract
A model for recalescence has been established by integrating a model for the decomposition
of austenite and one dealing with heat transfer with latent heat release taken into account.
The e ects of recalescence on each individual austenite transformation product has been
studied. It was found that Widmansta¨tten ferrite and pearlite reactions are most a ected.
The calculated cooling curve as a ected by the recalescence has also been verified with a
commercial steel subjected to two di erent environment conditions.
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1. Introduction
The arrest in the cooling curve of iron has been known in the industry for a very long
time, attributed to heat conduction from inside of the object. From 1873 to 1910, Barrett
conducted a systematic investigation [1–3], and proved that it was actually due to heat release
from transformation. He named this phenomenon as “recalescence”. The decomposition of
austenite to ferrite is accompanied by the release of latent heat, which may cause a temporary
rise of temperature when the rate of heat liberation during transformation exceeds that of
heat dissipation while cooling the metal through a transformation temperature range.
The phenomenon manifests in the temperature profile which deviates from its original
trend when transformation happens, but the most pronounced e ects are observed for pro-
cesses which are unable to increase heat extraction rates when transformations happen, such
as natural cooling, or when the section of the object is large, so the heat generated by
transformation cannot be removed rapidly.
The latent heat generated by transformation sometimes limits the achievable undercooling
which is critical with fine microstructure. Recalescence thus limits the minimum grain size
achievable by thermomechanical processing to about 1µm [4, 5].
The phenomenon is therefore significant and the purpose of the present work was to
incorporate it into a phase transformation model developed for Si-containing bainitic steels
to predict the transformation characteristics of such alloys [6–12].
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2. Experimental procedure
A commercial free-machining steel in the hot-rolled condition was supplied by Swiss Steel
AG in the form of rods of 32mm in diameter, with the chemical composition as listed in
Table 1. The choice of this alloy is because it is naturally cooled and recalescence has
therefore been observed routinely in industrial practice.
Test samples of 8mm in diameter and 10mm in length were prepared from the hot-
rolled bar. All subsequent heat treatments were carried out in a THERMECMASTOR-Z
thermomechanical simulator with a vacuum of around 10≠3 Pa. To investigate recalescence,
the sample was heated to 950 ¶C, held for 5min, then followed by natural cooling inside the
vacuum chamber, the cooling was achieved by switching o  the power and cooling medium
supply, so no extra heat input or extraction could be there to a ect the heat dissipation
process. The temperature of the sample was monitored by a S-type thermocouple spot
welded on the middle of the sample during the whole process.
The temperature evolution of „ 32mm steel bars cooled naturally in air were measured
in Swiss Steel AG. Type K thermocouple was put in a hole drilled in the centre of the bar,
good contact with the bar was maintained by forcing it against the bottom of the hole.
Table 1: Chemical composition (wt%) of the studied steel
C Si Mn Ni Mo Cr Cu N S Al
0.224 0.97 1.53 0.18 0.14 1.54 0.17 0.0104 0.14 0.0042
3. Kinetic model of austenite decomposition
Kinetic model of austenite decomposition is needed to calculate the latent heat released
by transformation. A simultaneous phase transformation model, including allotriomorphic
ferrite, Widmansta¨tten ferrite, pearlite and bainite, developed by Jones and Bhadeshia [10,
12] and Chen and Bhadeshia was employed [6, 7].
All phases are assumed to nucleate at the prior austenite grain boundaries, and parae-
quilibrium is assumed, so that only carbon di usion is considered. The calculation starts
with an input of chemical composition, the austenite grain size and the heat treatment
scheme. The chemical composition is used to evaluate the driving force for each individ-
ual phase transformation using MUCG, a thermodynamic calculation program developed
by Bhadeshia [13, 14]. The nucleation and growth rates are then calculated separately for
each phase. The concentration dependent carbon di usivity is calcualted as in Ref. [15–17].
The overall transformation kinetics is modelled using Avrami theory modified for multiple
reactions [18–23].
The details are presented elsewhere, and the essential modification to Avrami model is in
the conversion between the extend and real space as follow [11, 12, 24–26]
dVi =
Qa1≠
q
i
Vi
Vtot
Rb dV ei (1)
where Vi is the volume fraction of phase i, V ei is the extended volume fraction of phase i,
and Vtot is the total volume. These coupled equations are usually too complicated to solve
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analytically, hence numerical solution is adopted, the volume fraction change of product
phase i in the nth time step is given by
 Vi,n =  V ei,n
Qa1≠
q
i
Vi,n≠1
Vtot
Rb (2)
where  Vi,n and  V ei,n are the volume fraction changes of phase i at time step n in real and
extended space, respectively, Vi,n≠1 is the volume fraction of phase i at step n≠ 1.
The bainite transformation is complicated because it is a displacive transformation with
the partitioning of carbon occurring subsequent to the growth event. A simplified model was
adopted in this work. The time-temperature-transformation (TTT) diagram for the initiation
of reaction is calculated using the method described in Ref.[13, 14], then the bainite volume
fraction is read from the TTT diagram by a program written for the work. It was also
assumed that when bainite starts to form, all reconstructive transformations are stopped, so
when transformation temperature is between BS andMS temperature, which is also predicted
by MUCG [13, 14], only bainite transformation is considered.
For carbide-free bainite, which is the focus of this work, excess carbon in the supersat-
urated bainitic ferrite platelet is partitioned into its surrounding untransformed austenite.
V“0 is the fraction of untransformed austenite containing x“0 of carbon prior to the onset of
bainite.
V“0 = 1≠ V– ≠ V–W ≠ VP
where V–, V–W and VP are the volume fraction of allotriomorphic ferrite, Widmansta¨tten
ferrite and pearlite, respectively.
It follows that when bainite forms, the carbon content of austenite is
x“ =
x“0V“0 ≠ V–bx–b
V“0 ≠ V–b
(3)
where x“ is the carbon concentration of the untransformed austenite in mole fraction, x“0 is
that just before bainite transformation starts, V–b is volume fraction of bainite and x–b is the
carbon concentration of bainitic ferrite, which is assumed to be zero.
Assuming paraequilibrium [27], x“ can be used to recalculate the transformation-start
time for the untransformed austenite. The calculation is repeated for di erent bainite volume
fractions, this way the whole TTT diagram for bainite can be calculated.
For continuous cooling, the TTT curve is modified using the Scheil’s additive rule [28].
For an apparent bainite volume fraction V Õ–b , for example V Õ–b = 0.05, of transformation is
achieved during continuous cooling when
ÿ
i
 ti
·i
= 1
where  ti and ·i are the time spent at the ith temperature step and the incubation time at
the temperature step, respectively.
The temperature range was chosen to be BS toMS, or in case of very lowMS temperature,
150 ¶C was used as the lower limit, because the transformation time increases dramatically
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as the temperature is reduced. The actual volume fraction of bainite formed in each step is
 V–b =
 ti
·i
V Õ–bV“0
where V Õ–b is the apparent volume fraction corresponding to the TTT curve under calculation.
Koistinen-Marburger equation [29] is used for martensite transformation.
V–Õ = 1≠ exp (≠0.011(MS ≠ Tq)) (4)
where V–Õ is the volume fraction of martensite, MS is the martensite start temperature
and Tq is the quenching temperature. The volume fraction of martensite is estimated at
di erent quenching temperatures below MS, but is scaled by the amount of austenite left
untransformed prior to martensite transformation.
4. Heat transfer model
The product relevant to the present work was produced in bar form. It was hot rolled
at 1200 ¶C followed by natural cooling, with recalescence readily observed. As the kinetic
model of austenite decomposition reaction is solved numerically, the step-wise manner of
calculation allows the boundary conditions to be updated at every step. By choosing a
su ciently small time step, the heat transfer process can be simplified to a steady state,
because the temperature change of the object in a small time interval is also small.
The Biot number (Bi) is used to determine whether or not the temperature varies signif-
icantly within the body [30].
Bi = hLC
kB
(5)
where h (W m≠2 K≠1) is the heat transfer coe cient, LC (m) is the characteristic length, kB
( W m≠2 K≠1) is the thermal conductivity of the body. The characteristic length is defined
as
LC =
VB
A
where VB (m3) is the volume of the body, A (m2) is its surface area. For a long cylinder
LC = d/4, where d (m) is the diameter.
Bi Æ 0.1 indicates that the temperature field can be treated as uniform inside the body
[30]. For cooling of the 32 mm diameter steel rod, the measured heat transfer coe cient of
air is between 10 to 100W m≠2 K≠1 in the temperature range of 10 to 1000 ¶C (Fig. 12),
take h = 100 W m≠2 K≠1, LC = 0.008 m, kB = 30 W m≠2 K≠1, so the Bi = 0.027 < 0.1,
making it reasonable to neglect the temperature gradient inside the steel bar, in other words,
heat transfer into the environment is not controlled by conduction within the bar. By setting
Bi = 0.1, steel bar of diameter 120mm can be assumed to has a uniform temperature field.
For steady state condition, the heat flux q (W m≠2) is given by [30]
q = h(Tw ≠ TŒ) (6)
where Tw (K) is temperature of the object, TŒ (K) is that of the environment.
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The energy dissipated Q from an object with a surface area of A (m2) in a time interval
 t (s) is
Q = qA t
To calculate the heat transfer, the object was chosen to be a steel bar with a diameter d
(m), length l (m) and volume VB (m3) and therefore area A = ﬁdl + 2ﬁ
1
d
2
22
(Fig. 1).
Figure 1: Geometry of heat transfer model.
Steel bars are usually small in diameter and very long, so the ends can be neglected. The
surface area not including the ends is
A = ﬁdl = ﬁd VB
ﬁ(d2)2
= 4VB
d
So the total energy transferred in a time interval  t is
Q = qA t = 4hVB(Tw ≠ TŒ) t
d
(7)
While energy dissipation cools the steel bar, the release of latent heat of transformation
heats it up. The temperature change due to the combined e ect of heat transfer and latent
heat release in the time step is
 Tw =
|Q|≠ | H“æ–|mM V–
C
(8)
where  H“æ– (J mol≠1) is the molar enthalpy change of transformation from austenite to
ferrite,  V– is the volume fraction change of ferrite in the time step, m (kg) is the mass of
the steel bar , M (kg mol≠1) is the molar mass of the alloy, C (J K≠1) is the heat capacity
of the whole steel bar given by
C = CP
m
M
= CP
VBﬂ
M
where CP (J mol≠1 K≠1) is the molar specific heat capacity of the steel, ﬂ (kg m≠3) is the
density of the steel.
When transformation happens, the latent heat generated is proportional to the amount
of ferrite formed in the very step, the molar specific heat capacity of the mixture of ferrite
and austenite is taken to be the weighted average of that of ferrite and austenite:
CP = V–C–P + (1≠ V–)C“P
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where C–P and C“P are the molar specific heat capacities of ferrite and austenite, respectively
[31, 32], and the molar enthalpy change from austenite to ferrite  H“æ– is calculated by the
method described below.
4.1. Enthalpy calculation
Latent heat is the enthalpy change at the transformation temperature which is a function
of temperature and alloy composition. MUCG [13, 14] already has the free energy change
( G) as its output.
 G =  H ≠ T S (9)
where  G (J mol≠1) is the free energy change,  H (J mol≠1) is the enthalpy change, and
 S (J mol≠1 K≠1) is the entropy change. The latter can be calculated by di erentiating  G
with respect to T . Since di erentiation is carried out over a small temperature range, the
temperature dependence of enthalpy change can be neglected. Then entropy change can be
calculated as
 S = ≠d( G)dT (10)
With  G and  S calculated, combine equation 9 and 10, the enthalpy change can be ob-
tained as
 H =  G+ T S (11)
For displacive transformation,  H must be reduced by the stored energy associated with
the transformation strain, 50 J mol≠1 for Widmansta¨tten ferrite, 400 J mol≠1 for bainite and
700 J mol≠1 for martensite [33].
Fig. 2 a shows the enthalpy change for di usional transformation from austenite to ferrite
as a function of temperature for di erent carbon concentrations. It can be seen that the
absolute value of enthalpy change increases with decreasing temperature, but decreases as
the carbon content increases, which means that heat released during transformation will be
less at high carbon contents and high temperatures. For displacive transformation, the trend
is the same, Fig. 2 b, but the di erence in absolute enthalpy change for the same amount
of carbon variation is larger. The enthalpy change of di usionless transformation is smaller
than that of di usional transformation for the same carbon content at the same temperature,
due to the extra carbon trapped in the product phase. The calculated enthalpy change is
close to the latent heat of martensite transformation in a medium carbon steel measured by
Lee and Lee [34], using an inverse method.
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Figure 2: Calculated enthalpy change for austenite to ferrite transformation as a function of temperature (K)
and carbon content. (a) Di usional transformation. (b) Di usionless transformation. The numbers close to
the curves are carbon content in wt%.
5. Model Validation
5.1. E ect of heat transfer coe cient
The heat transfer coe cient of course should have a large e ect on recalescence. Calcu-
lations using the composition in Table 1 were carried out. Fig. 3 shows the calculated cooling
curves for di erent heat transfer coe cient for a variety of time scales. Fig. 3 a shows the
calculated cooling curve and volume fraction of allotriomorphic ferrite as a function of time
for h = 10 W m≠2 K≠1. Recalescence is clearly shown, a temperature rise of 10 ¶C is pre-
dicted at the early stage of transformation where the transformation rate is fast, hence fast
heat release rate giving this temperature rise. As the heat transfer coe cient is increased to
100 W m≠2 K≠1, the temperature rise is reduced to 5 ¶C, shown in Fig. 3 b. An increase of
h to 500 W m≠2 K≠1 leads to a recalescence of just 2 ¶C, Fig. 3 c. The cooling curves for
di erent heat transfer coe cients are compared in Fig. 3 d.
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Figure 3: Calculated cooling curve and volume fraction of allotriomorphic ferrite as a function of time. (a)
h = 10 W m≠2 K≠1. (b) h = 100 W m≠2 K≠1. (c) h = 500 W m≠2 K≠1. (d) Comparison of cooling curves
for di erent heat transfer coe cients, units of h in the graphs are W m≠2 K≠1.
5.2. Recalescence e ect on the microstructure
As the cooling curve is a ected by the release of latent heat, so should the resulting
microstructure. The e ects of recalescence on each of the major phase transformations are
examined individually in Fig. 4 to 8. For allotriomorphic ferrite, when recalescence of about
2 ¶C is considered, the cooling curve is always higher than the one without considering recales-
cence after the initiation of transformation, Fig. 4 a and 4 c, show that recalescence retards the
transformation. Compared with allotriomorphic ferrite, Widmansta¨tten ferrite has a much
greater change in cooling curve due to recalescence, because it forms at a lower temperature
where the enthalpy change is greater, in addition, the heat transfer coe cient is smaller at
low temperatures. But there is no temperature rise due to the small growth rate compared
to that of allotriomorphic ferrite. To investigate pearlite, the carbon content was changed to
the eutectoid content of 0.8 wt%, the resulting cooling curve of pearlite with recalescence has
a temperature rise of 20 ¶C, which is much larger than that of allotriomorphic ferrite. Even
though higher carbon content should give smaller molar enthalpy change, but the transforma-
tion happened at lower temperature, at about 620 ¶C compared to 740 ¶C for allotriomorphic
ferrite, which generates larger latent heat. Most importantly, the growth rate is very large,
which can be tens of microns per second and the transformation happens in a narrow temper-
ature range, Fig. 6, consistent with reports from literature [35–42]. Bainite follows the same
trend, and the rise in temperature is about 7 ¶C. The exception is martensite, which was
assumed to be athermal, therefore, the volume fraction only depends on temperature, and
the release of latent heat only reduces the cooling rate, making the time to reach the same
temperature longer. If the latent heat release rate is larger than the heat dissipation rate,
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martensite transformation will be stopped by the temperature increase, until temperature
cools below the instantaneous MS temperature, where the transformation can be resumed.
Figure 4: E ect of recalescence on allotriomorphic ferrite transformation.
Figure 5: E ect of recalescence on Widmansta¨tten ferrite transformation.
Figure 6: E ect of recalescence on pearlite transformation.
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Figure 7: E ect of recalescence on bainite transformation.
Figure 8: E ect of recalescence on martensite transformation.
We now consider phase transformations that can happen simultaneously. Table 2 shows
the calculated microstructures for di erent austenite grain sizes with and without recales-
cence. The composition used in the calculation is 0.18C-0.18Si-1.15Mn wt% from Ref. [10],
and the heat transfer coe cient is shown in Eq. 13. For austenite grain sizes of 10µm and
30µm, the di erence due to recalescence is small, Fig. 9. For larger austenite grain sizes
where the reaction rates are relatively slow, considerable di erences in microstructure were
found, Fig. 10. It is well known that the portion of Widmansta¨tten ferrite increases with the
prior austenite grain size [43, 44] and recalescence exaggerates this because the cooling rate is
considerably reduced. This also a ects the remaining austenite which eventually transforms
into pearlite. It could also be possible for other alloys or cooling conditions where high tem-
perature products will not transform all the austenite, so bainite and martensite should form
as well, the resulting microstructure could be remarkably di erent. These calculations show
that it is important to consider recalescence for modelling of microstructure development.
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Figure 9: E ect of recalescence on simultaneous transformation with L¯“ = 10µm. (a)Comparison of cooling
curves with and without recalescence taken into account. (b) and (c) Microstructure evolutions for the cases
of without and with recalescence considered, respectively.
Figure 10: E ect of recalescence on simultaneous transformation with L¯“ = 100µm. (a)Comparison of
cooling curves with and without recalescence taken into account. (b) and (c) Microstructure evolutions for
the cases of without and with recalescence considered, respectively.
Table 2: Comparison of calculated phase fractions, with and without recalescence taken into account.
Grain size allotriomophic ferrite widmanstatten ferrite pearlite
/µm with without with without with without
10 0.75 0.74 0 0 0.25 0.26
30 0.60 0.58 0.01 0.03 0.39 0.39
50 0.45 0.40 0.41 0.24 0.14 0.36
100 0.25 0.24 0.49 0.39 0.26 0.37
5.3. Experimental validation of cooling curve prediction
The bainite start temperature of the steel was measured to be BS = 450 ¶C, Fig. 11, using
the o set method [45]. Recalescence was observed clearly in the measured cooling curve,
shown in Fig. 13. At around 450 ¶C, the cooling curve starts to deviate from its original
trend, which is caused by bainite formation, verified by metallographic examination.
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Figure 11: Strain versus temperature curve for „ 8mm cylindrical sample freely cooled from 950 ¶C in the
THERMECMASTOR-Z simulator under vacuum.
The temperature dependent heat-transfer coe cient can be obtained by [46, 47]
h = ﬂVBCP T˙
A(Tw ≠ TŒ) (12)
where T˙ is the instantaneous cooling rate.
The measured heat transfer coe cient as a function of temperature is show in Fig. 12,
the fitted equation for „ 8mm cylindrical sample in THERMECMASTOR-Z under vacuum
is
h = 3.42368 + 0.022492 T ≠ 1.78309◊ 10≠5 T 2 + 7.66882◊ 10≠8 T 3 (13)
where h is in W m≠2 K≠1, T is in ¶C.
For the „ 32mm steel bar cooled in air the heat transfer coe cient is
h = 12.98767 + 0.050045 T ≠ 1.214964◊ 10≠4 T 2 + 1.99959◊ 10≠7 T 3 (14)
Figure 12: Comparison of heat transfer coe cients for the two di erent conditions, black line for „ 32mm
bar cooled naturally in air, blue line for „ 8mm sample cooled freely inside the simulator under vacuum.
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Predictions were made using these heat transfer coe cients. Fig. 13 shows the calculated
cooling curve with and without transformation latent heat included for the „ 8mm sample
transformed in THERMECMASTOR-Z under vacuum, the transformation start temperature
used was the experimentally measured BS = 450 ¶C. The comparison with the measured
cooling curve is also shown in Fig. 13; the calculated curve did not follow the measured curve
at the transformation start point, where the measured curve deviated much more than the
calculated, but after some time, the calculated curve converged with the measured one, where
the calculated transformation finishes. The discrepancy occurs because the calculated rate of
bainite formation is slower than experimental value; as shown in Fig. 11, the bainite actually
formed in a very narrow temperature range, mostly between 440 ¶C to 390 ¶C, and the rate
of transformation in that range is larger than the calculated. Fig. 14 shows the calculated
and measured cooling curve for the „ 32mm bar cooled in air. Fairly good closure between
calculation and experimental measurement is obtained.
Figure 13: Comparison of calculated and measured cooling curves for „ 8mm sample cooled freely from 950
¶C in THERMECMASTOR-Z under vacuum.
Figure 14: Comparison of the calculated and measured cooling curves for „ 32mm rod cooled naturally in
air.
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6. Conclusions
A recalescence model has been developed by integrating a heat transfer model into the
simultaneous phase transformation model. The e ect of latent heat release on each individ-
ual phase transformation and multiple transformations happening simultaneously has been
studied.
The model has successfully estimated the recalescence phenomenon, and the trend for
increasing heat transfer coe cient was demonstrated.
Microstructure is a ected by recalescence, the extent depends on the actual condition.
Recalescence retards transformation by reducing the cooling rate, but the transformation
finishes at higher temperature. For simultaneous transformations, if Widmansta¨tten ferrite
and pearlite present, the microstructure can be influenced significantly.
The pearlite transformation starts at relatively lower temperatures compared to allotri-
omorphic ferrite, where the latent heat evolved is larger and the heat transfer coe cient is
smaller. These factors combined with its large growth rate result in the pearlite transforma-
tion giving the largest temperature rise amongst all transformations.
For the cooling curve estimation, reasonable agreement between prediction and experi-
ment has been achieved using the measured transformation start temperature. Therefore, it
is necessary to utilise recalescence to give a more accurate representation of the temperature
evolution during the course of transformation, hence a better prediction of microstructure
could be achieved. However, it is emphasised that while the treatment of recalescence is
generic, the heat transfer coe cients have to be measured for particular processing condi-
tions.
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